The frontal eye field and neighboring area 8Ar of the primate cortex are involved in programming and execution of saccades. Electrical microstimulation in these regions elicits short-latency contralateral saccades. To determine how spatiotemporal dynamics of microstimulation-evoked activity are converted into saccade plans, we used a combination of real-time optical imaging and microstimulation in behaving monkeys. Short stimulation trains evoked a rapid and widespread wave of depolarization followed by unexpected large and prolonged hyperpolarization. During this hyperpolarization saccades are almost exclusively ipsilateral, suggesting an important role for hyperpolarization in determining saccade goal.
The frontal eye field and neighboring area 8Ar of the primate cortex are involved in programming and execution of saccades. Electrical microstimulation in these regions elicits short-latency contralateral saccades. To determine how spatiotemporal dynamics of microstimulation-evoked activity are converted into saccade plans, we used a combination of real-time optical imaging and microstimulation in behaving monkeys. Short stimulation trains evoked a rapid and widespread wave of depolarization followed by unexpected large and prolonged hyperpolarization. During this hyperpolarization saccades are almost exclusively ipsilateral, suggesting an important role for hyperpolarization in determining saccade goal.
Electrical stimulation has been used extensively in brain research since its introduction more than 100 years ago (1) . Despite the popularity of this technique and its potential clinical applications (2, 3) , many questions remain regarding the spatial profile and the temporal dynamics of the neural response that is evoked by intracortical microstimulation (4, 5) . One of the first cortical regions that was systematically explored using microstimulation is the frontal eye field (FEF) (6) (7) (8) , a cortical area situated in the anterior bank of the arcuate sulcus and known to be involved in planning and execution of saccadic eye movements (9) (10) (11) . The FEF and neighboring area 8Ar (12) contain a representation of saccades to the contralateral hemifield. Microstimulation in these regions evokes short-latency conjugate saccades that depend on the stimulation site and are very similar to voluntary saccades (6) (7) (8) .
We sought to measure and characterize directly the neural response that is elicited by microstimulation in the frontal cortex of the behaving monkey and to determine the relation of this response to the saccadic eye movements that are evoked by stimulation. We thus combined standard electrophysiological techniques in awake behaving monkeys with optical imaging using voltage-sensitive dyes (13) . This combination provides a powerful paradigm for measuring the electrical activity of populations of neurons in the brain of behaving monkeys at excellent spatial and temporal resolutions (14) . The dye signal measures the sum of the membranepotential changes in all the neuronal elements in the imaged area, emphasizing subthreshold synaptic potentials in neuronal arborizations originating from neurons in all cortical layers whose dendrites reach the superficial cortical layers (15).
Combined microstimulation (16) and optical imaging were applied to the frontal cortex in four hemispheres of two monkeys at a total of 39 recording sites (17) while the monkey performed a simple fixation task (18). To image the FEF and 8Ar, we opened a cranial window over the arcuate sulcus, then removed the dura and replaced it with a transparent artificial dura (19). The imaged/ stimulated area included primarily a narrow strip of cortex, lying 1 to 3 mm anterior to the arcuate sulcus, from which short-latency contralateral saccades could be evoked (16, 20) . Figure 1A shows the frontal cortex in the left hemisphere of one monkey 3 weeks after surgery; the arcuate sulcus (Ar) and the principal sulcus (Pr) can be seen through the transparent dura. We stained the cortex with blue voltage-sensitive dyes and imaged the resulting activation pattern at up to 400 frames per second (13) .
The activation pattern evoked by microstimulation at one stimulation site is shown in Fig. 1B . A train of stimulation pulses (50 〈, 500 Hz) was applied for 24 ms at the site marked by X. Shortly after stimulation onset there was a large and widespread increase in fluorescence, which corresponds to an overall depolarization. This depolarization spread over a large cortical area in a rather uniform manner, consistent with the spread of activity measured in the visual cortex (21, 22). Following this brief depolarization, the response dropped sharply, and most of the imaged area became dark. This large and rapid drop in the optical signal corresponds to an overall hyperpolarization of the average membrane potential of the neuronal population to a level well below baseline (23).
The mean time course of the optical signal for four different stimulation conditions was measured in a small area 0.4 mm by 0.4 mm near the site of the stimulating electrode (Fig.  2) . A short stimulation train of 24 ms (green curve) elicited a rapid depolarization that was followed by a large and prolonged hyperpolarization. The hyperpolarization returned to baseline about 230 ms after stimulation onset and showed a small depolarization overshoot. When stimulation was applied for a longer period of 80 ms (dark blue curve), the response still peaked at about 25 ms and then dropped to a lower depolarization level despite the continuation of the stimulation. When the train of stimulation was divided into four short trains with short gaps in between (red and cyan curves), the response went through four cycles of depolarization and hyperpolarization. This large hyperpolarization was typical for most stimulation sites in the frontal cortex. In contrast, in the primary visual cortex of the awake monkey, the same stimulation parameters do not evoke similar hyperpolarization (22).
The time course of the optical signal shows that each depolarization response in the frontal cortex is followed by a similar, and sometimes even larger, hyperpolarization response. How does this interplay between depolarization and hyperpolarization affect the saccades that are elicited by microstimulation? The horizontal eye velocity traces from three trials in which eye movements were evoked by stimulation at a site in the right frontal cortex that represents a 20°sac-cade to the left are shown in Fig. 3A . At this site and with these stimulation parameters there was a large variability in saccade initiation time, and in these three trials saccades were initiated 50, 80, and 100 ms after stimulation onset. Although in all three trials saccades were evoked under identical stimulation conditions, these saccades differ markedly. The early contralateral saccade (red curve) displayed the maximal amplitude and peak velocity characteristic for this site and was followed 130 ms later by a large ipsilateral saccade. The saccade that started around stimulation offset (green curve) displayed a smaller amplitude and reversed to the ipsilateral direction at midflight. The saccade that started about 20 ms after stimulation offset (cyan curve) was short and ipsiversive. All of these eye movements were evoked by the stimulation; on randomly interleaved trials without stimulation, the monkeys made no saccades during this interval.
The changes in saccade properties over time closely parallel the time course of the optical signal measured near the stimulation site. The mean time course of the optical signal (green curve) and the horizontal eye velocity traces (blue curves) for all the trials at this site and at these stimulation parameters (n ϭ 25 trials) are shown in Fig. 3B . Saccades that were initiated during strong depolarization were contralateral and displayed high peak velocity. Saccade peak velocity decreased during the drop in depolarization and then reversed to the ipsilateral direction. Saccades that were initiated during strong hyperpolarization were almost always large return saccades in the ipsilateral direction.
The correlation between the measured response and the properties of the evoked saccades holds also for other stimulation conditions. Figure 3C shows eye movements that were evoked during three trials of stimulation with four short trains at the same site as in Fig. 3 , A and B. In these trials, the first short train failed to evoke a short-latency saccade. The first eye movement evoked in those trials was a short ipsiversive saccade rather than the large contraversive saccade typical for this site. In two trials (red and green curves), ipsiversive saccades were initiated about 35 ms after the offset of the second stimulation train, during the initial phase of hyperpolarization. During this ipsiversive saccade the third train was applied and evoked a large contraversive saccade. It was followed by another small ipsiversive saccade that coincided with another period of hyperpolarization. In the third trial (cyan curve), an ipsiversive saccade was initiated about 40 ms after the offset of the third train and showed the same sequence of ipsi-contra-ipsi movements. Figure 3D compares the horizontal eye velocity traces (blue curves) and the mean optical response (green curve) for all trials with the same stimulation condition as in Fig.  3C (n ϭ 26) . The direction and peak horizontal eye velocities of the evoked saccades are highly correlated with the optical signal measured at the time of saccade initiation. The first two cycles of depolarization evoked almost no saccades. Saccades started preferentially during the hyperpolarization that followed the second or the third train and were almost always ipsiversive. During the periods of depolarization following the third and fourth trains the eyes moved toward the contralateral direction; during the hyperpolarization intervals following the second, third, and fourth trains the eyes moved toward the ipsilateral direction. Following microstimulation, the level of depolarization or hyperpolarization in FEF and 8Ar at the time of saccade initiation proves to be an excellent predictor of the direction, size, and peak velocity of the evoked saccades across our entire data set. The results obtained from 39 stimulation sites and 1044 stimulation-evoked saccades are summarized in Fig. 4 (24) . Each panel shows a scatter plot of normalized saccade peak horizontal velocity against saccade initiation time. For this analysis we combined all saccades that occurred shortly after stimulation, irrespective of whether these were the first (red) or later saccades within a given trial (cyan). Under the two stimulation protocols there is a strong correlation between the measured optical signal and the properties of the evoked saccades. Saccades that were initiated during depolarization were almost exclusively contraversive. Saccades that were initiated during a period of hyperpolarization were almost exclusively ipsiversive. Saccades that were initiated when the absolute level of the response was high tended to have a high peak velocity and a large amplitude; saccades that started when the response was low tended to have a low peak velocity and a small amplitude (25). The correlation between the mean optical signal (green curve) and peak horizontal eye velocity of individual saccades (red and cyan x's) is highly significant for both stimulation conditions [r ϭ 0.93 for continuous stimulation and r ϭ 0.82 for four short trains; P Ͻ 10 Ϫ6 for both conditions (26)].
Our findings raise two questions regarding the hyperpolarization. First, what is the role of hyperpolarization? Hyperpolarization could mediate saccade target selection through competitive interactions between sites that represent alternative saccades (27) . It could also serve as a reset mechanism necessary for normal saccade sequencing (9) . Once a saccade of the desired amplitude and direction had been executed, activity that encodes this saccade should rapidly terminate so that another similar saccade would not be initiated erroneously. Indeed, many FEF neurons with presaccadic activity are actively suppressed following a saccade into their response field (28, 29) , suggesting that hyperpolarization may occur also after voluntary saccades. Hyperpolarization could also facilitate a rapid return saccade that would bring the eyes back to the previous eye position after desired and undesired saccades. Such rapid "glances" also occur during natural visual scanning behavior. A second question concerns the source of the hyperpolarization. In many experiments we found that hyperpolarization and depolarization started from different locations and displayed different spatial profiles (e.g., Fig. 1B) . These results suggest that part of the hyperpolarization is caused by a stimulation-evoked recurrent inhibitory signal rather than by the well-known after-hyperpolarization. The finding that during hyperpolarization saccades are preferentially ipsilateral suggests that some of the delayed inhibitory signals could be mediated by "push-pull" inhibitory interactions between sites that encode opposite saccades in the two hemispheres (30) . An exciting possibility, therefore, is that when the stimulation site is hyperpolarized, the site that encodes the opposite saccade in the other hemisphere is depolarized, contributing to the ipsilateral saccade.
Finally, our results demonstrate that neural activity with complex spatiotemporal dynamics can be elicited by microstimulation; these dynamics depend on the stimulated area and can have important behavioral correlates. These findings emphasize the importance of further characterization of microstimulationevoked activity for the interpretation of the behavioral effects of microstimulation. Our finding that during hyperpolarization saccades are almost exclusively ipsilateral imposes new constraints on models of the neural mechanisms that compute saccade goal. Specifically, our results suggest that suppression of neural activity at a certain location in the saccade motor map in the frontal cortex is interpreted by downstream saccade circuitry as a signal in favor of an ipsilateral saccade. At each site we used the lowest current that yielded a reliable optical signal and evoked saccades (Յ50 A in most sites). These currents were around behavioral threshold for evoking saccades when the monkey was actively fixating, but clearly above threshold when the monkey was freely viewing, consistent with previous findings (31) . Only sites from which clear, short-latency contralateral saccades could be evoked during active fixation were included in our study. 17. Saccades were evoked in 39 sites tested in a total of 21 optical imaging sessions. Of these sites, four were excluded from analysis of saccadic eye movements due to poor fixation. In 22 of the 39 sites, a clear response to microstimulation could be measured optically. Failure to obtain a reliable optical signal in the presence of a clear behavioral effect was due to poor staining. Experiments with no reliable optical signal were excluded from the analysis of the average evoked response. All of the results described here remain the same in the subset of 18 sites for which
Norm. Peak V. Norm. Peak V.
Ipsi.
Norm. Optical (34)]. Furthermore, an in vitro study had previously demonstrated that microstimulationevoked activity measured using real-time optical imaging is highly correlated with neural activity measured intracellularly (32) . 24. Eye movements that had the typical bell-shaped velocity profile and peak velocity above 100°/s were considered saccades. In most stimulation sites the major component of the evoked saccade was horizontal; we therefore focused our quantitative analysis on the horizontal component of the evoked saccades (but see supplementary figures). To combine saccade peak velocity measurements across experiments (Fig. 4) , we first normalized the peak velocity of each saccade relative to the maximal peak velocity obtained under all stimulation conditions at that site. The peak velocity of saccades in the contralateral direction was defined as positive, and in the ipsilateral direction as negative. Similarly, the average optical signal for each stimulation site was first normalized relative to the maximal depolarization observed at this site across all stimulation conditions before being combined to yield the grand mean shown in Fig. 4 . 25. The properties of stimulation-evoked saccades observed here are consistent with those observed in previous studies (6-8, 31, 35) . In particular, Stanford et al. (35) found that, following a short stimulation train in the superior colliculus, saccade amplitude becomes shorter with increasing saccade latency. No other study, to our knowledge, reported the existence of short ipsilateral saccades that occur during early hyperpolarization. This may not be surprising given that these saccades are comparatively rare (5% of the first saccades in Fig. 4 ) and, therefore, could easily have been overlooked by researchers who did not have access to the time course of depolarization and hyperpolarization. FEF stimulation can evoke ipsilateral saccades in the "colliding saccade" paradigm (36) , when microstimulation is applied during an ongoing natural saccade. It remains to be determined whether the observed hyperpolarization plays a role also in the "colliding saccade" effect. 26. A correlation was computed between the normalized peak horizontal velocity for individual saccades (red and cyan x's in Fig. 4 ) and the mean normalized optical response at the time of saccade initiation (green curve in Fig. 4) . To compute the correlation coefficient (Pearson's r), we paired each saccade peak velocity with the level of the average optical signal at the time of saccade initiation. The statistical significance of each correlation coefficient was assessed using an F test with 1 and (n Ϫ 2) degrees of freedom, where n is the number of evoked saccades. The high correlation observed in Fig. 4 remains unaffected if we (i) select only the stimulation sites for which both behavioral and optical measurements were obtained simultaneously (17); (ii) select only stimulation sites in which stimulation current was Յ50 〈; (iii) select only stimulation sites that were likely to fall within the FEF; (iv) compute the correlation between the optical signals and the normalized saccade amplitude (see supplementary figures); or (v) compute the correlation between the optical signals and the normalized peak vertical eye velocity for
